Abstract Although most freshwater resources are used in agriculture, residential water use is a much more energy intensive user. Based on this, we analyze the increased willingness to adopt water conservation strategies if energy cost is included in the customers' utility function. Using a Water-Energy-CO 2 emissions model for household water end uses and probability distribution functions for parameters affecting water and water-related energy use in 10 different locations in California, this research introduces a probabilistic two-stage optimization model considering technical and behavioral decision variables to obtain the most economical strategies to minimize household water and water-related energy bills and costs given both water and energy price shocks. Results can provide an upper bound of household savings for customers with well-behaved preferences, and show greater adoption rates to reduce energy intensive appliances when energy is accounted, resulting in an overall 24% reduction in indoor water use that represents a 30% reduction in water-related energy use and a 53% reduction in household water-related CO 2 emissions. Previous use patterns and water and energy rate structures can affect greatly the potential benefits for customers and so their behavior. Given that water and energy are somewhat complementary goods for customers, we use results of the optimization to obtain own-price and cross-price elasticities of residential water use by simulating increases in water and energy prices. While the results are highly influenced by assumptions due to lack of empirical data, the method presented has no precedent in the literature and hopefully will stimulate the collection of additional relevant data.
Introduction
Water conservation is often the most cost effective source of additional water supply for water stressed urban regions to maintain supply reliability with increasing population and/or demands, or shorter-term droughts. In the city of Los Angeles total water demands between 2005 and 2010 were about the same as they were in 1980, despite a 38% of population increase [LADWP, 2010] , and conservation campaigns during droughts have proven to be quite effective [Pint, 1999; Reed and Lund, 1990; Valinas, 2006] .
There is much debate on the cost effectiveness of demand side management policies (DSMP) [Olmstead and Stavins, 2009; Renwick and Green, 2000] . Price-related DSMP have focused on behavioral incentives to reduce consumption, and nonprice DSMP accounts for various instruments: command-and-control (CAC) strategies such as building codes or plumbing standards, public campaigns, education, the value of information, or rationing. But fewer conservation studies recognize that residential water use is the one of the most energy intensive types of water use omitting a factor that can increase the benefits of water savings from energy savings.
Econometric models to predict water use as a function of price, income and other variables are common in the literature (for review, see Arbu es et al. [2003] ) and they have been used to test conservation policies as well [DeOreo et al., 2011; Renwick and Archibald, 1998 ]. More mechanistic engineered models use water end use data to estimate potential conservation by assuming replacement rates of improved appliances [Cahill et al., 2013] or even measured savings from retrofitting household's appliances [Mayer et al., 2003] . Finally another approach uses probability distributions from empirical data to characterize technological, behavioral, and socioeconomic parameters that affect water use and estimate consumption and potential conservation by modifying those variables through technological change or behavioral modification induced by price increases-assuming well-behaved preferences-using Monte Carlo simulations [Cahill et al., 2013;  Although most freshwater resources are used in agriculture, residential water use is a much more energy intensive user [Rothausen and Conway, 2011] . Residential water-energy studies are in an early stage, and they have focused mostly on quantifying water-related energy consumption for each household appliance and end use. Some studies also present some kind of engineered procedure to analyze potential energy conservation : Fidar et al. [2010] assessed the variability of energy and carbon emissions of different water efficiency target/levels depending on the composite strategies of water end use savings in England; Beal et al. [2012] evaluated the potential conservation of energy and greenhouse gas emissions from resourceefficient household stock using empirical data and detailed stock specifications for homes in Queensland, Australia; Kenway et al. [2013] estimated the average water, water-related energy, CO 2 emission and economic savings by simulating technological and behavioral changes in a model based on a metered house in Brisbane, Australia; Morales et al. [2013] developed a methodology that uses parcel-level estimates of water use and optimization methods to determine the cost-effectiveness of water conservation practices based on the amount of water saved when savings in energy and wastewater treatment are included; finally Abdallah and Rosenberg [2014] obtained the energy elasticity of some technological and behavioral household modifications.
All these studies estimate potential conservation values without accounting for a budget constraint that could prevent customers from adopting these strategies. Another issue is that even if potential conservation strategies have long run benefits, some factors inhibit customers' adoption of these actions sometimes called the efficiency gap concept [Jaffe and Stavins, 1994] . Here the lack of information, the cost to get that information and uncertainty of future prices might explain nonadoption of seemingly beneficial strategies. In this paper, we try to bridge the efficiency gap a little using engineered technological and social modeling.
To include variability in costs and benefits we use a stochastic optimization model with recourse (or twostage stochastic programming) that includes uncertainty in prices and water availability-increasing water prices and potential rationing during droughts and monthly variation of energy prices-and allows household dwellers to select among a variety of long-term and short-term actions to minimize their annual water and energy costs. Decisions are based on data available at the time the decisions are made accounting for stochastic presentation of events. No other study seems to have analyzed the residential water and energy use with this optimization approach, including technological and behavioral actions and inluding heterogeneity in household characteristics, stocks and patterns of consumption.
This approach also permits analysis of changes in water and energy prices and estimation of potential water and energy savings that are economically desirable assuming well-behaved preferences and complete information. Given that water and energy are complementary goods in this context, price elasticities and cross-price elasticities can be obtained. As far as we know only Hansen [1996] obtained the energy crossprice elasticity using an econometric model of residential water demand derived from a model of household production of final consumption goods taking water, energy and an aggregate of other goods as inputs.
The research expands a previous approach applied to water conservation [Cahill et al., 2013; Rosenberg et al., 2007] to include the water-related costs and benefits of a variety of water and energy conservation actions. A system analysis is applied to households using a previous water-energy-CO 2 model [Escriva-Bou et al., 2015] for 10 cities in California following this procedure: (i) identifying potential long and short-term conservation actions; (ii) modeling water, energy and economic savings due to these technological and behavioral modifications and its costs accounting for water and energy variable prices; (iii) obtaining the composite of actions that minimize the annual water-energy cost for each household; and (iv) considering uncertainty through Monte Carlo simulation for a wide variety of household conditions (adapted from Alcubilla and Lund [2006] and Rosenberg et al. [2007] ). Finally one last run considering only water costs was done to obtain the increased willingness to adopt conservation actions from adding consideration of embedded energy.
The paper is organized as follows: section 2 explores the economics behind the model. Section 3 presents briefly the water-energy-CO 2 model, identifies the conservation actions, develops the models used to obtain Water Resources Research 10.1002/2014WR016821 savings through technological or behavioral changes, states the probabilistic two-stage optimization model, explains the Monte Carlo simulations and presents the elasticities assessment. Section 4 presents the results of all those parts. In section 5, a discussion about the results obtained and the limitations and potential improvement of the method is developed. Finally, section 6 presents conclusions.
The Economics Behind the Model
The model presented here tries to capture the increased willingness to adopt water conservation actions if the embedded energy is included in the water costs of the household. Although the results are obtained with empirical data, the model is built on some basic economic assumptions explained below.
The main demand assumption is that residential water and water-related energy are complementary goods. But only energy used by the water heater and indoor hot water are complementary, being the remaining consumption of both goods is independent. Figure 1 shows an indifference curve, where customers would be equally satisfied with different quantities of water and energy use, although relative prices and the budget constraint determines the actual quantities consumed. Current water and energy consumption in a household (point 0) cam be broken down into outdoor water, indoor cold water and indoor hot water uses (horizontal green, blue and red arrows respectively) and water heating, space heating, appliances and air conditioned consumption (vertical red, green, orange and purple arrows respectively).
If a good's price changes, the substitution effect causes a reallocation of the consumption pattern to equate the marginal rate of substitution to the new price ratio keeping utility constant [Nicholson and Snyder, 2012] . If water price relative to energy price increases (from 0 to 1 in the graphic), there is a reduction in water use (mostly in outdoor water use because larger elasticity) and an increase in each of the energy uses but water heating, that decreases because of complementarity with indoor hot water. The opposite might be said if energy price relative to water price increases, moving from 0 to 2 where total energy decreases but energy used to heat water increases.
As our model only accounts for energy used to heating water, the assumption is that hot water and energy used for heating water are complements, given that customers have adequate information about hot water and energy used to heat water quantities and prices. The complementary assumption is given by the following formulae: dW hot indoor dp energy < 0 (1) dE heating water dp water < 0 (2) dW indoor hot dp energy U5constant 5 dE heating water dp water U5constant
On the supply side a water utility has alternative water sources with different marginal costs and reliability, and it is operating as a regulated natural monopoly. We are assuming that current demand is 70% likely to be covered with a water supply with a very low marginal cost (e.g., surface water); 20% of the months surface water is shorted and the supply has to be completed with a secondary supply (e.g., groundwater) with a 10% increase in marginal cost; the remaining 10% of the times, main water supply has larger shortages and besides the secondary supply, the water utility has to find a tertiary water supply (e.g., buy water rights from water markets) with 20% increase in marginal cost Figure 2 . As a result, an increase in prices to customers and a reduction of total demand is expected. Although this is an hypothetical case that we have applied equally for each of the water utilities using their actual water rate structures as a base price, we have used temporal water price increases basing our assumptions in the EBMUD 2008-2009 Drought Management Plan [EBMUD, 2011] .
Accounting for energy supply, as most of the water heaters in California are gas-fired, we included the volatility in annual prices by setting three different prices for natural gas. In 80% of the months, the price ranges 90-110% of the average price. In 10% of the months, price exceeds 110% of the average price (assuming
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115% of average price) and 10% of the months has lower prices (assuming 85% of average price; the average price is obtained from the actual prices for each location as explained in section 3.1). As seen in the residential natural gas price data from 2009 to 2014 (Figure 3 ), this is a fair assumption.
Customers pay close attention to price fluctuation to change their patterns of consumption, thus utilities can achieve moderated reductions in aggregate demand by modest price increases [Renwick and Green, 2000] . By including energy price and volatility we are increasing the price elasticity of water consumption to meet supply and demand. As we are taking this theoretical approach using real data from different cities, we will use both supply assumptions-water and energy price shocks-for all the locations in order to compare the results and obtain potential policy implications from the different performance.
Probably the most important economic assumption here is that customers have adequate information: they know exactly their water and energy use-even how much are they using in each end-use-and the prices and the likelihood and the amount of prices volatility; they also know all the potential water and energy conservation actions, their costs and effectiveness. Accounting for all these factors, household dwellers will adopt conservation actions that maximize their benefit or minimize their costs over time.
3. Methods
Water-Energy-CO 2 -Costs Model
In a previous study, we developed a model to assess water and water-related energy, greenhouse gas (GHG) emission and costs for 10 cities in California [Escriva-Bou et al.,
In press]. The study is based on a deductive approach that includes household heterogeneity in water use using probability distributions for each step. For conciseness the framework is only briefly described here.
Starting from a single family household water end use survey [DeOreo et al., 2011] , a model was built using probability distributions for parameters affecting water use. Total household water use is the sum of eight end-uses-toilet, shower, bath, faucet, dishwasher, clotheswasher, leaks/other, and outdoor use-each calculated separately as a function of household characteristics, users' behavior and external factors randomly sampled from parameter probability distributions.
Water-related energy next is estimated by calculating hot water shares for each end-use using probability functions from the literature [Mayer et al., 2003] and then assessing the energy used by the water heater using the Water Heater Analysis Model (WHAM) equation [Lutz et al., 1998 ]. The WHAM equation permits the user to minimally describe both the operating conditions-characterized by daily draw volume, thermostat setpoint temperature, inlet water temperature and ambient air temperature-and the water heaterdescribed by the recovery efficiency (RE), standby heat loss coefficient (UA), and rated input power (Pon). The amount of energy used is obtained as the sum of the energy content of water drawn from the water heater plus the energy expended to recover from standby losses. We included the variability of water heaters and climate by assigning different values according to the probability distributions for each location using several data sources [USDOE, 2009; USEIA, 2009] .
GHG emissions then are calculated using emission factors as a function of the type of water heater (electric or gas-fired) and the utility that provides the energy. Finally, the costs incurred by each household in water and water-related energy use are calculated using the different water and energy rate structures for each city.
Conservation Actions
Given a composition and a location of a household, water and water-related energy consumption depends on technological and behavioral factors. Usually technological improvements are long-term investments, whereas behavioral modification can occur in the short-run-as a reaction of a temporal price increase or supply rationing-but also can react to educational campaigns or increased environmental consciousness [Gilg and Barr, 2006; Willis et al., 2011] as either a short or long-term strategy
The model includes seven technological and eight behavioral modifications related directly with water use, and four technological and one behavioral adaptations over water-related energy appliances, as shown in Table 1 . 
. Technological Improvements
Water savings from retrofitting appliances is represented by probability distributions of appliance water use with and without retrofit from field survey data [DeOreo et al., 2011] , with potential savings randomly sampled if the appliance is retrofitted. Because the model explicitly includes household heterogeneity, it could obtain ''negative'' savings because there is a chance that the preretrofit flow would be lower than the postretrofit. Figure 4 shows an example of these distributions taken from surveyed households.
Because of the lack of real data of retrofitted water heaters, we used a different approach for their retrofitted performance: retrofitted water heaters are given a fixed efficiency level and recovery efficiency taken from commercial distributors, but we still permitted a variation in the other parameters.
The costs of long-term actions have been taken either from the literature or from commercial distributors, as shown in Table 1 .
Behavioral Savings
Using behavioral parameters from household surveys-such as shower length, dishwasher use frequencywe simulated behavioral savings as a function of two factors: potential conservation and willingness to adopt conservation actions. Potential conservation accounts for current habits per person related to the main statistics of the surveyed households, assuming that users closer to minimum consumption are less likely to decrease their consumption than larger users. Willingness to adopt conservation actions relates with the awareness that household dwellers have to save water or energy and is represented by the ''consciousness factor,'' that is a unique value per household.
For each household j the i behavioral parameter in the stage 1 will be given by the following expressions: Water Resources Research
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RF ij 5
where B k ij is the value for the behavioral parameter i for the household j in the stage k (usually events/day person); RF ij the reduction factor for the parameter i for the household j (there is a previously defined (2015), being high efficient electric water heaters a heat pump water heater that can achieve an efficiency value of 2.35, three times that of a common electric water heater. max(rf i ) parameter that accounts for the maximum reduction expected over the sample); and CF j the consciousness factor for the household j.
The consciousness factor is a random factor given by a uniform distribution defined over the range [0, 1] that tries to capture the personal attitude or willingness to adopt conservation strategies. Although the use of a uniform distribution should seem na€ ıve, Gregory and Di Leo [2003] reported that there is little or no correlation between general awareness of water conservation issues and household consumption, but their findings substantiate the role of personal involvement and habit formation. Because of the novelty of the research on environmental psychology on the link of reasoned and unreasoned influence on behavior, we have not found any empirical-based function in the literature that could capture this personal involvement and habit formation on water savings that could perform better than the uniform distribution for the consciousness factor.
Each point in Figure 5 presents the results of the reduction factor (RF ij ) for the 10,000 households obtained by Monte Carlo simulations for the shower length. The maximum RFij ranges from 0 to 0.5 as a lineal function of the current behavioral factor with a slope given by the median and the min of the sample. The consciousness factor includes a second variability because different attitudes toward conservations resulting that, even with very large potential conservation, a household can keep the current consumption if the consciousness factor is 0.
As behavioral changes have no financial costs, we included behavioral hassle costs [Dolnicar and Hurlimann, 2010; Rosenberg et al., 2007] that reflect inconvenience costs to household dwellers and that we have linked to income, because of decreasing income-elasticity of demand, and again to the consciousness factor, assuming that consciousness decreases hassle costs. The behavioral cost for the action i in the household j is given by the following expression: where P i is an engineering estimated parameter for the hourly hassle cost of action i given in Table 1 ; I j the annual income of the household j; and CF j the consciousness factor for the household j.
Interaction Among Actions
When a long-term action is implemented, the conditions for short-term actions are already changed to sometimes reduce the expected savings from behavioral changes. The same can be said about interaction between water and energy actions: water actions affect energy consumption, and then the energy savings of energy actions will depend on previous water long-term and short-term actions. Therefore, to calculate the correct expected water and energy savings we have to account for combinations of long-term and short-term water and energy actions separately, but then introduce the interaction among those actions as a constraint in the optimization model to avoid double counting of water or energy savings and/or costs. This is the so-called ''demand hardening'' concept that can be explained by a decreasing elasticity of water demand as long-term actions are implemented. As shown in Lund [1995] , if the implementation of low-flow toilets and xeriscaping increases, although normal water use decreases, the potential for water savings during shortages decreases, increasing user inconvenience and cost of achieving short-term conservation from these uses.
Probabilistic Two-Stage Optimization Model
Given adequate information, customers with well-behaved preferences will adopt the mix of conservation actions that minimize their water and energy costs selecting among the whole set of short and long-term actions available. Mathematically this is formulated as a two-stage mixed-integer nonlinear stochastic modelwith two dimensions of actions and costs-water and energy.
In the first stage households decide to retrofit appliances to reduce water and energy for the long-run, whereas in the second stage, water and energy prices and/or availability change with supply conditions and customers can decide daily to adopt behavioral actions to reduce consumption in the short-run.
This optimization model expands a series of previous works mainly focused on water systems [Alcubilla and Lund, 2006; Cahill et al., 2013; Rosenberg et al., 2007] to include water-related energy actions and costs on the residential scale. The program will be applied to 10 cities in California, but it is readily adapted to other locations and type of users.
Decision Variables
There are four arrays with different dimensions of binary variables acting as decision variables:
1. X WLT 5 implementation of an action defined in the set of water long-term actions wlt; 2. X WSTwe,ee 5 implementation of an action defined in the set water short-term actions wst in the water billing event we and energy billing event ee; 3. X ELT 5 implementation of an action defined in the set of energy long-term actions elt; 4. X ESTwe,ee 5 implementation of an action defined in the set of energy short-term actions est, in the water billing event we and energy billing event ee.
Objective Function
Customers with adequate information will minimize their total expected economic cost, including the costs of conservation actions and water and water-related energy bills. The objective function is:
where C wlt and C elt are the annualized long-term water and energy action costs ($/yr) respectively whereas C wst and C est are the short-term water and energy action costs ($/d); p we and p ee are the probabilities of each water and energy billing event; Bw we and Be ee are the cost of water and water-related energy bill each billing period; i is the number of billing periods (6 or 12 depending on the local utility conditions) and j is the number of days per billing period (30 or 60 depending on the local utility conditions). Note that even different time step data are used because facility of use (daily for short-term actions and costs and annually for long-term action, costs, and bills), the model is run in an annual basis using a stochastic approach to include water and energy cost variability.
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Complementary Use Equations
Water and water-related energy use are equal to the base consumption minus the savings due to conservation actions accounting for the interdependence among actions: Once the actions are taken and the water and energy use are obtained, the bills per billing event can be calculated. The water-related energy bill is obtained by multiplying the consumption by a simple averaged marginal energy cost per CCF (or kWh for electric water heaters) for each utility. The water bill is obtained using the local increasing block rate structures for each utility. where * denotes a subset of the mutually exclusive actions of the set of available actions.
4. Interdependence among actions: some actions' effectiveness depends on previous implementation of other actions (short-term actions depend on long-term actions, and effectiveness of energy-related actions depend on water-related actions). To show how these interrelations have been assessed we show the calculation of a short-term water related savings given an interdependence among wlt 1 and wst 1 in equation (15):
Monte Carlo Realizations
Based on a previous work that used 10,000 Monte Carlo simulations for water, water-related energy and costs for households in 10 cities in California [Escriva-Bou et al.,
In press] (obtained from randomly sampling the parameter probabilistic distributions for household water and water-related energy and costs), we have derived the optimal set of conservation actions for each ''sampled'' household. This has been done by building a model that links an Excel spreadsheet with a GAMS optimization program. The information of each household is taken from that database, obtaining water and water-related energy savings and costs of each combination of actions. Then the mixed integer nonlinear program determines the optimal solution and gets the results back into the spreadsheet for each of the 10,000 households
Elasticities
The last step was to obtain price-elasticities and cross-price elasticities for residential water and waterrelated energy for each household. We artificially increased water and energy marginal prices by 10% for Results also show that actions in different cities have a similar adoption rate and average savings per household, with some particularities given previous user rates or prices: lower outdoor use in San Francisco reduces the potential adoption of outdoor actions, whereas lower electricity prices in Los Angeles decrease the attractiveness of electric water heaters as shown in Figures 6 and 7.
For water use, Figure 6 shows that outdoor actions have the largest water conservation potential, whereas toilet and shower long and short-term actions have relatively high market penetration. On the long-term side, retrofit the clothes washer presents the second largest water savings amount but with lower adoption rates, whereas the rest of the actions are almost never adopted, because of low water savings for dishwasher retrofitting and expensive investment costs for artificial turf and xeriscaping. Among the other short-term actions, finding and fixing leaks has a high water savings potential, whereas laundry and toilet frequency are among the largest impact actions (besides shower and toilet retrofits).
For energy side, shower-related actions have the highest market penetration with large energy savings, followed by clothes washer actions, and although market penetration is low because of low initial values, reduced bath frequency could save a nonnegligible amount of energy. An interesting result from the actions related with water heaters is that high efficiency electric water heaters have a large market penetration, with Los Angeles MWD being an outlier due to low electricity rates, whereas gas-fired water heater adoption rates are almost negligible. Reducing water heater temperature is an interesting action for households that set temperatures above 1208F (a 40% of them). Figure 8 shows total water and water-related energy savings per household for each utility depending on the market penetration of conservation actions, ordering the customers from highest to lowest conservation potential. Whereas water conservation potential is highly variable due to outdoor use across utilities, waterrelated energy savings are quite similar among utilities and with a steep and almost linear increase below 30% of market penetration, meaning that most energy savings potential comes from a small share of households. 
Increased Willingness to Adopt Conservation Actions
We ran our model with and without considering benefits from water-related energy savings and then compared the results in Table 3 . Energy intensive appliances such as shower or clothes washer, increase their adoption rates significantly, whereas cold-water appliances actions are largely unaffected.
Because large outdoor consumption in California, outdoor actions save most of the water. But if we consider only indoor use, the water and water-related energy and CO 2 emissions savings from incorporating related energy costs are huge. As shown in Table 4 , indoor water savings grow by 10-44%, averaging 24%, energy savings increase between 3 and 60 %, averaging 30%, whereas water-related CO 2 emissions fall by 21-98%, averaging 53%-the huge difference between energy and CO 2 savings is because retrofitting the water heater reduces the effect of energy savings in the water-and-energy model, whereas in the CO 2 savings we Figure 6 . Optimized market penetration and average water savings for (left) long-term or technological actions and (right) short-term or behavioral actions presented in Table 1 . Please, notice different x and y scales in both graphs. assessed only the difference of hot water used without including water heater effects. Households manage conservation differently if embedded energy is included; conservation actions affecting the most energy intensive actions increase the benefits for the same amount of financial or hassle costs.
Elasticities and Demand Function
If water and energy use reductions from the set of optimal actions are very significant, as shown above, the short-term behavioral savings represented by price-and cross-price elasticities are very low, as shown in Table 5 . The water price elasticities vary from 20.03 to 20.09, averaging 20.05; the energy price elasticities vary from 20.01 to 20.04, averaging 20.03. The effect of water price on energy use is merely significant (3 rd column), whereas the energy price effect on water use is negligible (4 th column). Despite low values, the negativity of the cross-price elasticities obtained confirm the assumption of economic complementarity between water and water-related energy, with energy prices affecting water use more than water price effects on energy use.
Another result from the model is the water demand function for each water utility given increases of 10 and 20% in marginal price. As expected from the results of the elasticities shown above, the water demand hardly decreases as marginal price increases (Figure 9 ).
Discussion
The two-stage optimization model is a basic cost-minimizing problem that might be seen as myopic from an economic point of view because it is not looking for income and substitution effects that arise from the water and energy cost savings and that could affect consumption of water, energy and other goods. But our focus is to increase the information available to select the most efficient CAC actions including the embedded energy of water appliances trying to reduce the efficiency gap, at the same time that we are modeling the economic behavior of people allowing reaction to short run prices changes. As mentioned before, this research assumes adequate information (and foresight) of water and water-related energy prices and costs of actions for household dwellers. Given that we are not trying to capture the real customer behavior, but rather the economic potential of conservation campaigns given variability of local conditions. Nevertheless, a difference exists between long-term and short-term actions' assessment and costs: whereas long-term actions assessments are based on real data from a water end use survey [DeOreo et al., 2011] and the costs were obtained from the literature, short-term actions' savings are obtained based in physical and behavioral relations with engineered-based assumptions, but without empirical data to test this assumption, alike the costs that have been assigned to these actions. Therefore, results on market penetration for long-term actions are more reliable than results obtained for the short-term actions.
More research and monitoring of short-term behavioral modifications on water and energy consumption could extend the current research to understand the factors that affect demand and how it could be managed more economically for customers and utilities.
The price elasticity of water use are much lower than those in the literature [Dalhuisen et al., 2003; Espey et al., 1997] and that is directly related with assumptions made on the behavioral savings and costs, and probably because of the limited number of conservation actions accounted. Therefore, these results cannot be directly taken as actual measures of price elasticities; thus, the method presented has to be further implemented, primarily obtaining and using empirical data, to improve the accuracy of the results. As aforementioned water and energy cross-price elasticities have been barely studied (see Hansen [1996] ) probably Figure 9 . Average demand function given marginal water price increase for each utility.
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because the lack of good data, but probably also because if customers do not have enough information to understand this interaction is almost impossible to them to react to cross price fluctuations. Increasing the availability of data and improving information for customers can result in a new understanding of the issue to reduce water and energy use.
Conclusions
A stochastic optimization model with recourse provides the minimum expected annual cost accounting for long and short-term conservation actions and stochastic variability in water and energy prices and availability. This paper demonstrates the increased willingness to adopt conservation actions and savings, and changes in the set of actions selected if energy costs are included in the water customers' objective function. The total increase in water savings is small (3%), reflecting large outdoor use in California, but is significant for indoor water use, increasing indoor water savings by 24%, water-related energy savings by 30% and water-related GHG emissions savings by 53% on average.
The results of the optimization model show that some outdoor conservation actions (smart irrigation and stress plants) have the highest potential for water conservation, because of the high economic benefits from large reductions in water use with small investments, whereas other outdoor actions, such as artificial turf or xeriscaping, are usually too costly to obtain benefits with the current water prices. Among the indoor actions, toilet and shower actions have the highest market penetrations: toilets, because of water savings, and showers, because of energy savings.
The long-term saving estimation is based on empirical data, but the short-term savings and costs have been derived from a less detailed economic-engineering model assuming that previous patterns of consumption, household income and environmental consciousness affect largely the adoption of conservation actions because of behavioral changes. Therefore, although both results have been obtained with a unique optimization model, long-term results should be more reliable than short-term results. The development of this model might be extended theoretically including more variables and calibrated with empirical data as water end use monitoring grows, obtaining additional insights from users' behavior and helping to better understand consumer utility functions.
The cost-minimizing function posed using the stochastic variability in water and energy prices allows identification of the most beneficial long-term investments from the customers point of view, and the second stage allows users to change their behavior with changes in prices and availability, providing a new approach to model customer behavior. This method also allows assessment of water and water-related price and cross-price elasticities, confirming the assumption that water and water-related energy are complementary goods.
Trying to reduce the efficiency gap, sometimes blamed for excessive optimism by residential command and control conservation promoters, we link traditional engineering conservation and economic modeling. The results show potential savings from residential retrofits, and how budget constraints and consumer behavior limit the conservation potential. We also have included the energy consumption of water use, which has the potential to significantly increase indoor water conservation and reduce GHG emissions because of the change in the optimal set of conservation actions for California households.
